CACNA1D De Novo Mutations in Autism Spectrum
A. Simplified scheme of Cav1.3 a1-topology with its four homologous repeats (segments S1 -S6). A749G and G407R (in alternative exon 8A) are shown together with two missense mutations discovered in aldosterone producing adenomas (somatic mutations G403R and I750M) for which a gain of function phenotype has been confirmed in previous functional studies (1, 2) . Mutations G403D (in alternative exon 8B) and I750M were also reported as germline mutations in individuals exhibiting congenital neurodevelopmental defects, intellectual disability and epilepsy in addition to hyperaldosteronism (PASNA) (2) .
B.
Prediction of structural changes imposed by mutation A749G: B1. Side view of the ion pore (S5, S6 and connecting linkers of all four domains). Homologous repeats are shown in different colors (I, red; II, green; III; blue; IV, yellow). For clarity only the voltage sensor (IIS1-IIS4) of repeat II (green) is shown. B2. Ala749 (A749) is located in the activation gate (cytoplasmic ends of each S6) of repeat II. As expected (3) , in the closed state our model predicts contacts with the IIS4-IIS5 linker which connects the activation gate with the voltage-sensing domain of this repeat. In wild-type channels these interactions are stable during MD simulations. B3. However, 100-ns MD simulations of mutant A749G revealed a strong increase in the flexibility of the IIS6 helix distal to residue 749 relative to wild-type. B4.
The higher flexibility of the distal IIS6 helix is illustrated by color coding (low B-factor in red, high B-factor in green). This also results in a higher probability of IIS6 interactions with the adjacent S6 helices as part of the activation gate (not illustrated). Methodological details on modeling and MD simulations are given in the Supplemental Methods.
C. Prediction of structural changes imposed by mutation G407R: Location of residue 407 in the wild-type (C1) and mutant (C2) Cav1.3 a1-subunit. In the wild-type channel, it makes close contacts to the S4-S5 linker of repeat I (in particular residues S263, K266, A267). This is illustrated by the Van der Waals surface (grey) in C1. Panel C2 clearly shows that the IS4-IS5 interactions predicted in the wild-type are completely lost in the mutant channel. Moreover, the introduction of a positive charge enables new electrostatic interactions with adjacent IIS6 and IVS6 helices as part of the activation gate (not illustrated). The model also predicts that R407 can form ionic interactions with charged heads of lipids which additionally indicates the loss of interactions with the S4-S5-linker in the mutant. This is also demonstrated by the plot in C3, showing the distance between the IS6 activation gate and the IS4S5 linker in the wild-type (black line) and the mutant (red line).
In wild-type the distance remains stable at about 10 Å and even decreases during the simulation. In contrast, the mutant G407R shows an increase of the distance up to 20 Å.
Thus, the activation gate of domain I is moving away from the IS4S5 linker and is expected to lose key interactions for coupling with its voltage sensor. This is also confirmed by the root mean square deviation (RMSD) of the mutant with respect to the wild-type channel as shown in C4. The RMSD plot of G407R indicates that the structural model is stable after equilibration (indicated by the black line) and differs from the wild-type conformation (RMSD increases up to 7 Å, indicated by the red line).
Although the predictions of our molecular model still need to be confirmed by further mutational analysis, they clearly demonstrate that the mutations occur within regions that are crucial for the electromechanical coupling of the voltage-sensing domains to the channel pore and normal function of the activation gate (for recent reviews see 4, 5) .
The slowing of the inactivation in G407R can be explained by a loss of Ca 2+ -dependent inactivation and a slowing of voltage-dependent inactivation, because inactivation is much slower than observed with barium currents through Cav1.3 wild-type channels (cf. To confirm that the smaller maximal current size measured for G407R can indeed affect excitability in an electrically excitable cell, we expressed this mutant in skeletal muscle GLTmyotubes. These lack functional a1-subunits, express native auxiliary b-and a2d-subunits and thus allow current recordings that are not contaminated by other Ca 2+ channels. 
Supplemental Methods

Immunoblot Analysis
tsA 201-cells were transfected and cultured as described previously (17) . Membrane preparations were performed 3 days after transfection. Cells were washed with phosphate buffered saline (in mM: 137 NaCl, 2.7 KCl, 8 Na 2 HPO 4 , 1.5 KH 2 PO 4 ), harvested and resuspended in 2 ml lysis buffer (10 mM Tris-HCl, 1 μg/ml aprotinin, 0.1 mg/ml trypsin inhibitor, 1 μM pepstatin A, 0.5 mM benzamidine, 0.2 mM phenylmethylsulfonylfluoride, 2 mM iodacetamide, 1 μl/ml leupeptin, pH 7.4) and lysed on ice for 15 minutes. The mixture was then resuspended, homogenized by forcing it through a cannula (27 G) and centrifuged 
Molecular Modeling
Since 3D-structural information from crystallography is not yet available for Cav1.3 a1-subunits, we predicted the structure of the wild-type and conformational changes induced by the mutations by developing a homology model based on the Ca 2+ -selective NavAb channel in the inactivated state (PDB code 4MVZ; (3)). Homology modeling has been performed using MOE (Molecular Operating Environment, version 2013.08, Molecular Computing Group Inc., Montreal, Canada). We took advantage of the high sequence conservation (~60% similarity and ~35% identity measured by MOE) in the transmembrane segments of Cav1.3 a1 and NavAb to build a model for the pore-forming regions of Cav1.3. Sequences were aligned with ClustalW, as already published by Zhang and coworkers for NavAb and Cav1.3 (19) . However, sequences are not conserved in loops. Therefore ab initio modeling has to be used to generate stable conformations taking into account only the sequence information. In particular, we used the Rosetta method to build models for loops (20, 21) .
Moreover, we used the ab initio Rosetta method to generate structures for the activation gates that were missing in the NavAb channel template. In the case of mutations, the structure was derived from the wild-type model by replacing the mutated residue and carrying out a local energy minimization of its atoms using dedicated tools of MOE.
Moreover, in each case the C-terminal and N-terminal parts of each domain were capped to avoid perturbations by free charged functional groups. Once the protein model was completed, it was embedded in the virtual plasma membrane containing POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) and cholesterol in a 3:1 ratio, using the CHARMM-GUI Membrane Builder (22) . It included also water molecules and CaCl 2 (150 mM) in the simulation box. Subsequently, energy minimization in membrane environment was performed with starting coordinates and topology generated by LeaP Amber14 tool (23), using dedicated force fields for proteins and lipids, ff14SBonlysc and Lipid14 respectively (24) . The system was gradually heated from 0 to 300 K in two steps, keeping the lipids fixed, and then equilibrated over 1 ns. Then MD simulations were performed for 100 ns, with time steps of 2 fs, at 300 K and in anisotropic pressure scaling conditions that is suitable for membrane proteins. Van der Waals and short-range electrostatic interactions were cut off at 10 Å, whereas long-range electrostatics were calculated by the Particle Mesh Ewald (PME)
method. Trajectories were analyzed by CPPTRAJ Amber14 tool (23) and visualized using VMD (version 1.9.1, 25). Moreover, the identification of the key interactions was aided by other visualization tools, such as MOE and Pymol Molecular Graphics System (version 1.6.0.0, Schrödinger, LLC). The analyses of both mutations resulted in detailed quantitative data, such as the relative flexibility and distances between specific residues. Furthermore, the quality of the models has been evaluated using experimental knowledge (also from other Ca 2+ channel isoforms) and molecular dynamics simulations on our in-house GPU cluster that permitted to perform fast calculations (26). Parameters like the root mean square deviation were investigated to determine the structural stability of the models after minimization in their natural lipid environment.
Electrophysiological Recordings and Ca 2+ Imaging in Dysgenic Myotubes
Myotubes of the homozygous dysgenic (mdg/mdg) cell line GLT lack functional a1-subunits and express native auxiliary b-and a2d-subunits and thus allow current recordings that are not contaminated by other Ca 2+ channels. Myotubes were cultured and transfected as previously described (27) 
